Two-point and four-point probe electrical measurements of a biphasic gallium nitride nanowire and current-voltage characteristics of a gallium nitride nanowire based field effect transistor are reported. The biphasic gallium nitride nanowires have a crystalline homostructure consisting of wurtzite and zinc-blende phases that grow simultaneously in the longitudinal direction. There is a sharp transition of one to a few atomic layers between each phase. All measurements showed high current densities. Evidence of single-phase current transport in the biphasic nanowire structure is discussed.
Introduction
Gallium nitride nanowires have recently attracted attention due to their desirable electronic and optical characteristics. Gallium nitride (GaN) is a semiconductor with a wide, direct bandgap, 3.299 eV in bulk zinc-blende, 3.437 eV in bulk wurtzite [1] , and is inherently n-type with a doping concentration around 10 18 cm −3 due to nitrogen vacancies [2, 3] . GaN nanowires have been used in a variety of devices. GaN nanowire field effect transistors [4] have demonstrated high transconductance and good switching behavior. Complementary logic [5] and optical [6] devices have been fabricated using p-type dopants in nanowire growth [7] , further enhancing the versatility of these nanowires in devices.
The electronic transport characteristics between metal electrodes and GaN nanowires in such devices, however, are of great importance when maximizing device performance, as these junctions play a critical role in device behavior. Carrier injection into nanowires has yet to be completely explained at a fundamental level, which impedes the effectiveness of device design. Biphasic GaN nanowires also represent a new class of nanowire system and have yet to be investigated for their electronic characteristics [8, 9] . In this nanowire, with zincblende and wurtzite phases growing together simultaneously, electron transport may be different in relation to single phase nanowires.
Growth method and nanowire structure
The GaN nanowires used in this study have a biphasic crystalline homostructure consisting of both zinc-blende and wurtzite crystalline phases that grow simultaneously in the longitudinal direction [8] [9] [10] . They were grown without a catalyst in a direct reaction of gallium and ammonia in a quartz tube furnace at temperatures between 825 and 850
• C, pressures of ∼15 mTorr and ammonia flow rates of ∼150 sccm [11, 12] . The nanowire crystal structure was determined via selected area electron diffraction patterns (SAED), analytical energy dispersive x-ray spectroscopy (EDS), electron energy loss spectroscopy (EELS), and postprocessed fast Fourier transforms (FFTs) of high-resolution transmission electron microscopy (HRTEM, JEOL 2200FS) images. These studies showed that the nanowire coaxial biphasic homostructure spans the entire length of the nanowire, with sharp one-to three-atomic-layer phase transitions, as shown in figures 1(a) and (b). Typical nanowire widths ranged from 60 to 120 nm. The wurtzite (WZ) phase had widths between 30 and 60 nm and the zinc-blende (ZB) phase had widths between 20 and 60 nm. The nanowires have a [13, 14] . Nanowire lengths can reach several hundred microns.
Experiments and GaNFET fabrication

GaNFET fabrication
A highly doped p-type silicon wafer (5 m cm) was used as the GaN field effect transistor (GaNFET) substrate with a 100 nm layer of thermally grown silicon dioxide as the gate dielectric. The backside of the wafer was stripped of silicon dioxide using diluted HF and Ti/Au (10/70 nm, Edward Auto306) was thermally evaporated to form the global back gate of the GaNFET [15] . GaN nanowires were then dispersed from an ethanol solution onto the substrate, and source and drain contacts were patterned via electron beam lithography (JEOL 840A SEM). Ti/Au (10/30 nm) was then thermally evaporated for the conducting source and drain contacts after being exposed to a 100 W oxygen plasma (March Instruments PX-250) for 30 s to remove any electron beam resist residue. Subsequent metal lift-off was performed in acetone.
Experiments
In the first experiments, electronic characteristics of a GaN nanowire were investigated using two-point and fourpoint probe techniques. A GaNFET was used as the test sample in these experiments. The back gate was not used. The experiments were performed using a Zyvex KZ100 Nanomanipulator system. The KZ100 is a hybrid instrument interfacing the Keithley 4200-SCS and the Zyvex S100 Nanomanipulator. It is equipped with NanoEffector ® probes, which are electrochemically etched tungsten polycrystalline wires with a nominal tip diameter of 50 nm. The KZ100 is capable of probe positioning resolution under 5 nm. This small tip diameter and precise probe positioning allows direct probenanowire connections. The electronic characterization with the KZ100 was performed in a LEO 1530 FESEM at room temperature, allowing real-time, visual inspection with the SEM during the experiments. During measurements the SEM electron beam was turned off, and during visual inspection a low energy beam was used to minimize charge penetration effects. The tungsten probes were electrically cleaned in situ to provide a clean tungsten surface for measurements.
In the four-point probe configuration, the intrinsic nanowire resistance and the Ti/Au-nanowire contact resistances were determined. This was done using floating voltage sense probes that were situated between two current source probes. This configuration is used to eliminate probe contact resistance effects, so that the intrinsic nanowire resistance can be measured. The nanoscale voltage probes are important for four-point probe measurements of single-nanowire systems since they are less invasive than macroscopic probes and contacts. The 4200-SCS is also ideally suited for measurements in such nanoprobing configurations because it can make measurements with very low noise and can have an input impedance greater than 10 16 . Four separate four-point probe configurations were carried out to determine both total system and intrinsic nanowire resistance, as shown in figure 2. In configuration A, the current source and voltage sense probes were placed on the Ti/Au contacts, figure 2(a), to measure the total system resistance. In configuration B, the current source probes were placed on the Ti/Au contacts and voltage sense probes were directly contacted to the nanowire, figure 2(b), to investigate the nanowire resistance. In configuration C, the current source and voltage sense probes were directly contacted to the nanowire, figure 2(c), also to investigate the nanowire resistance. In configuration D, one current source probe was directly contacted at one end after breaking the nanowire, the voltage sense probes directly contacted the nanowire, and the other current source probe was placed on the Ti/Au contact, figure 2(d) . The open nanowire end contact was achieved through probe impact on the nanowire top surface, which resulted in a brittle fracture. This configuration was possible due to the probe tip diameter, which is around 50 nm, as it is comparable to the open nanowire cross-section width.
Two-point probe experiments were also conducted, in configurations A, C, and D. The purpose was to study the change in dynamic resistance in each configuration due to size differences of the probe tips and the Ti/Au contacts. The dynamic resistance of the total system including the probeTi/Au-nanowire contact was investigated in configuration A. The dynamic resistance of the probe-nanowire contact was investigated in configuration C. Two-point probe-nanowire breakdown investigations were conducted in configuration D.
In a second, separate set of experiments, current-voltage (I -V ) measurements of a three-terminal GaNFET were carried out using a Keithley 4200-SCS. The GaNFET was connected to the 4200-SCS through macroscopic probes via photolithographically patterned contact pads, with electron beam lithographically (EBL) patterned electrodes contacting the nanowire. The global back gate was contacted to the probe station chuck. Measurements were done in ambient air at room temperature in a shielded enclosure.
Results
Four-point probe
The four-point resistance measurements from configuration A, used to determine the total system resistance, consistently produced a resistance of 4.5 M , which is comparable to other experimental findings [16] . Measurements made in configurations B and C were used to determine the intrinsic nanowire resistance. In both configurations the nanowire resistance was 500 k . Probe coupling directly to the nanowire in these configurations appeared noisy at low source currents, but resistance values reduced to a constant value at higher source currents. For a length of 16 μm between the voltage sense probes, and using a triangular base width and height of 100 nm, the resistivity was calculated to be 15.6 m cm. Configuration D was also used to determine nanowire resistance. After the nanowire fracture, the voltage sense probes were situated closer together at 10 μm, and the nanowire resistance reduced to 375 k . It was noted that these data were the nosiest among all configurations.
Two-point probe
In configuration A, two-point probe measurements were conducted to investigate the dynamic resistance, R = V / I , of the total system. The nonlinear character observed for the I -V characteristics corresponded to a total system resistance, R, which is comprised of the contact, R C1 and R C2 , nanowire, R NW , and probe, R P1 and R P2 , resistances, where
The probe resistances, R P1 and R P2 , were assumed to be negligible in configuration A since the tungsten probe and Ti/Au contact should couple well due to the metal on metal contact. This was confirmed in the four-point probe measurements in this configuration, where the source voltage and sense voltage were close in value. The total dynamic resistance measured in this configuration followed a power law, where
In configuration C, two-point probe measurements were conducted to investigate the dynamic resistance of the probes and nanowire.
R C1 and R C2 were omitted by directly contacting the probes to the nanowire. Therefore R NW , R P1 , and R P2 were measured. The total dynamic resistance in this case followed a different power law, where 
Breakdown investigations
After measurements were made in configuration D, the breakdown behavior was investigated. The source current was increased from 10 nA through 50 μA, with breakdown occurring around 50 μA. After each measurement the nanowire was visually inspected with the SEM. After breakdown, a ductile pull-apart of the nanowire at a point approximately midway between the voltage sense probes was observed in the SEM, figure 3(b) . Also, a new phenomenon was observed prior to breakdown. A liquid protrusion formed at the directly contacted end while the external structure remained intact. A small liquid ball was clearly observable by 10 μA, as shown in figure 3(c) , and continued to grow in size to over 100 nm in diameter, as shown in figure 3(d) . The liquid nature of the protrusion was verified by mechanically pushing into it with the probes, as shown in the video provided in the additional media content (available at stacks.iop.org/Nano/18/475710).
GaNFET
In the three-terminal GaNFET measurements, the drain-source (DS) voltage was continually swept from −5 to +5 V DS as the gate-source (GS) voltage stepped from −30 to +30 V GS in steps of 10 V. I -V traces, figure 4(a), indicated Schottky barrier behavior since the current changed non-linearly as the DS voltage was swept and the gate voltage stepped. Current modulation from 2 to 12.6 μA was observed as the gate voltage was stepped from −30 to +30 V GS at +5 V DS . Current modulation from −6 to −13.7 μA was observed as the gate voltage was stepped from −30 to +30 V GS at −5 V DS . This behavior is typical for an n-type device. Figure 4(b) shows the drain-source modulation as a function of gate-source voltage, and was extracted from the drain-source voltage sweep data in figure 4 (a). The DS voltages are in 1 V steps. The calculated transconductance for this device was ∼4 nS.
Discussion
Investigations by some groups suggest that it is the Schottky barriers between the Ti/Au source and drain and the GaN nanowire that are the source of the transistor behavior [17] [18] [19] . A putative model for similar devices utilizing carbon nanotubes has also been developed [20] [21] [22] . In this case raising and lowering of the barrier through an electrostatic interaction between the source and drain contacts and the back gate electrode explain the gate modulation of the device current. The device current arises from both tunneling and thermionic emission injection in varying proportions, and is dependent upon the height and thickness of the barrier [23] . Investigations by other groups suggest that the gate voltage modulates the device current through direct electrostatic interaction with the nanowire itself, with the contacts being ohmic and therefore negligible [24, 25] . The dynamic resistance behavior from the two-point probe investigations suggests the formation of a Schottky barrier at the probe-nanowire contact as well as at the Ti/Au-nanowire contact. The different exponents could result from variations in coupling, and indicate different barriers between the probenanowire and Ti/Au-nanowire interfaces. It has also been shown that for a carbon nanotube system a smaller metal contact area concentrates the electric field at the junction [24] . Electron conduction channel variations through the contact may also play a role in contact resistance, where microscopic to microscopic contacts may increase the carrier injection efficiency [26] .
In the FET experiments the current was modulated via the gate voltage, with less current flowing when −30 V GS gate was applied, ∼2 μA, relative to the current flowing when +30 V GS gate was applied, ∼12.6 μA, both at +5 V DS . The gate voltages needed to significantly modulate the current were somewhat high, and the on-off ratio is therefore low. This may be due to the high contact resistance. This resistance may be improved with further processing steps such as rapid thermal annealing.
All experiments reported here consistently indicated high current densities. An estimate of a current density equally carried by both phases, and based on the assumption of a triangular width of 100 nm, and 50 μA of current, gives 10 × 10 5 A cm −2 . An estimate of a current density carried mainly by the wurtzite phase, as seen in the breakdown investigation, and based on the assumption of an inner triangular width of 60 nm, gives 5×10 6 A cm −2 . The low resistivity, 15.6 m cm, may be a factor in allowing these high current densities. The high current densities seen in the biphasic system are also consistent with other reported results in single-phase nanowire systems [27] .
The observed structural disintegration may be a result of the biphasic nature of the GaN nanowire. A single-phase volume was observed to melt while an outer layer retained its structural integrity. The diameter of the initial melt formation, which progressed smoothly, as observed in the SEM, to the final melt formation is consistent with melting of a single phase. The electronic structure of the biphasic interface and the possibility of phase specific electron transport and phonon confinement are currently under investigation by our group.
Conclusion
We report two-and four-point probe studies of a biphasic GaN nanowire using tungsten nanomanipulator probes and I -V characteristics of a three-terminal GaNFET. These are the first two-and four-point probe and FET I -V characteristics reported for a biphasic GaN nanowire system. I -V characteristics were consistent, in each case indicating Schottky barrier formation at the Ti/Au-nanowire and probenanowire contact. The current densities measured in the biphasic system were very high and consistent with other published findings. The localized melting seen during twopoint probe experiments indicated phase specific transport. This novel GaN nanowire homostructure may provide unique flexibility for photon and carrier confinement with device applications, as well as high power devices, and represents a new class of nanowire systems.
